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INTRODUCTION 
This r e p o r t  i s  on heat-pipe r e s e ~ r c h  c a r r i e d  o u t  f o r  Ames Research 
Center under con t rac t  number NAS 2-8310. The wo-k focuses on the mathe- 
mati ca l  model i ng of three c r i  t i c a l  mechanisms o f  heat-pi  pe opera t i  on. 
I n  p a r t i c u l a r ,  Section 1 i s  on the e f f e c t  t h a t  excess l i q u i d  has on heat- 
p ipe performance; Sect ion 2 i s  concerned w i t h  the c a l c u l a t i o n  o f  the 
dryout l i m i t  o f  c i r cumfe ren t ia l  grooves; and Sect ion 3 i s  on an e f f i c i e n t  
mathemt ica l  model f o r  the c a l c u l a t i o n  o f  the v i scous - ine r t i a l  i n t e r a c t i o n  
i n  the vapor f lw. These mathematical m d e l s  are incorporated i n  the com- 
pu te r  program GRADE 11, which i s  described i n  Reference (4). 
26 26 3- 6025- RU- 00 
1.0 EXCESS LIQUID I N  AEAT-PIPE VAPOR SPACES 
There a re  several reasons why heat pipes of ten operate w i t h  more l i q u i d  
than necessary t o  j u s t  sa tura te  the  wick s t ruc tu re .  
heat p ipe  i s  designed t o  operate over a wide temperature range, i t  i s  neces- 
sary t o  c a l c u l a t e  the  f l u i d  charge f o r  the  temperature extreme t h a t  requ i res  
the  most f l u i d .  This usua l l y  occurs a t  the  lowest operat ing temperature due 
t o  the increase o f  l i q u i d  dens i ty  w i t h  a decrease i n  temperature; however, 
i t  may occur a t  t he  highest operat ing temperature due t o  the  increase o f  
vapor dens i ty  w i t h  an increase i n  temperature. 
temperatures o ther  than the extreme f o r  which the  charge j u s t  saturates the  
wick, excess l i q u i d  w i l l  be present. This source o f  excess l i q u i d  can be 
p a r t i c u l a r l y  s i g n i f i c a n t  f o r  gas-loaded variable-conductance heat pipes f o r  
use w i t h  spacecraft rad ia to rs .  A r e l a t i v e l y  h igh  f l u i d  charge i s  requ i red  
when the gas blocks a l a r g e  f r a c t i o n  o f  t he  t o t a l  heat-pipe l eng th  and the  
l i q u i d  i n  the  gas-blocked reg ion  f a l l s  very low i n  temperature. 
For example, when a 
I n  e i t h e r  case, f o r  operat ing 
Even when the e n t i r e  heat pipe operates i n  a narrow temperature range, 
excess l i q u i d  i s  o f t e n  i n t e n t i o n a l l y  introduced as a sa fe ty  f a c t o r .  
some wick types such as a x i a l  grooves, a small undercharge can s i g n i f i c a n t l y  
degrade the  t ranspor t  capac i ty  wh i le  a small overcharge has l i t t l e  adverse 
e f f e c t .  It i s  p a r t i c u l a r l y  important t o  ensure s u f f i c i e n t  l i q q i d  i n  a r t e r i a l  
o r  tunnel-wick heat pipes because even a s l i g h t  undercharge makes pr iming 
imposs i b l  e. 
For 
Excess l i q u i d  a f f e c t s  heat-pipe performance i n  various ways. It resides 
i n  the  heat-pipe vapor spaces and forms l i q u i d  f i l l e t s  along corners and a 
puddle along the  bottom. These f i l l e t s  and puddles provide low-permeabi l i ty  
f l ow  paths i n  p a r a l l e l  w i t h  the  wick s t ruc tu re .  The i r  s i ze  a t  a given a x i a l  
l o c a t i o n  depends on the l o c a l  value o f  the vapor - l iqu id  pressure d i f fe rence,  
o r  c a p i l l a r y  stress.  Thus, excess l i q u i d  usua l l y  has the  grea tes t  ef fect  i n  
the condenser reg ion  where the  s t ress  i s  low. 
I n  add i t i on  t o  con t r i bu t i ng  t o  the a x i a l  t ranspor t  o f  l i q u i d ,  a puddle 
reduces the  hydros ta t i c  s t ress  t h a t  the  wick must support. Although excess 
1 i q u i d  increases a x i a l  - t ranspor t  capaci ty , i t  degrades the  heat t rans fe r ,  
because f i l l e t s  and puddles block condensation surface. The condenser end 
- I -  
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of a vapor space can even completely f i l l  a l i q u i d  s lug  t h a t  blocks con- 
densation heat t r a n s f e r  i n  t h a t  reg ion  a1 together. An accurate mathematical 
model o f  excess- l iquid behavior i s  p a r t i c u l a r l y  needed f o r  the graded- 
porosi ty-wick heat pipe, where t o  maximize i t s  capac i ty  the wick i s  begun 
a t  the  condenser end w i t h  the highest poss ib le  poros i ty .  I f  the  po ros i t y  
i s  too  high, however, the wick w i l l  no t  generate a s u f f i c i e n t  c a p i l l a r y  
pressure t o  prevent a l i q u i d  s lug  from forming. 
The mathematical modeling o f  excess l i q u i d  i s  complicated by the  f a c t  
t h a t  f o r  t y p i c a l  heat pipes one cannot neglect  va r ia t i ons  o f  hyd ros ta t i c  
pressure w i t h  p o s i t i o n  on the f r e e  surface o f  the l i q u i d .  
mathematical model i n  the  heat-pipe computer prooram MULTIWICK(l neglected 
these va r ia t i ons  . 
q u i t e  general heat-pipe cross-sect ional  geometries, a t  low values o f  c a p i l -  
l a r y  s t ress  the  r e s u l t s  a re  on ly  q u a l i t a t i v e l y  co r rec t .  To r e t a i n  the  
hydros ta t i c  pressure va r ia t i ons  i n  the present work, i t  i s  necessary t o  
se lec t  spec i f i c  types o f  cross-sect ional  geometries f o r  the vapor spaces. 
We have selected the  c i r c u l a r  vapor space which occurs i n  axial ly-grooved 
heat pipes and simple heat pipes w i t h  w ick - l i ned  w a l l ,  and "Dee-shaped" 
vapor spaces formed by s lab wicks i n  c i r c u m f e r e n t i a l l y  grooved tubes. 
Sect ion 1.1 presents methods f o r  c a l c u l a t i n g  the  c o n t r i b u t i o n  of excess 
l i q u i d  t o  a x i a l  t ranspor t ,  and Section 2.2 presents both theo re t i ca l  and 
experimental r e s u l t s  f o r  condi t ions under which l i q u i d  slugs form i n  the  
vapor spaces. These r e s u l t s  a l so  apply t o  a r t e r i e s ,  so we digress i n  Section 
1.2 t o  discuss c r i t e r i o n  f o r  the pr iming o f  open-and-closed a r t e r i e s .  
An e a r l i e r  
A1 though the  r e s u l t i n g  simp1 i f  i c a t i  on a1 1 owed appl i c a t i o n  
1.1 FI-LLETS AND PUDDLES I N  VAPOR SPACES 
The th ree  geometries considered a re  shown i n  Figure 1-1, where t y p i c a l  
f i l l e t s  and puddles are  drawn as they might appear a t  a s p e c i f i c  a x i a l  
l o c a t i o n  o f  a heat pipe operat ing i n  ea r th  g r a v i t y .  The key parameter t h a t  
governs the  con f igu ra t i on  o f  the excess l i q u i d  i s  vapor - l i qu id  pressure 
di f ference. Since i t  var ies h y d r o s t a t i c a l l y  transverse t o  the heat pipe, 
'n order t o  have a unique value a t  every a x i a l  l oca t i on ,  we take i t s  value 
along the  c e n t e r l i n e  o f  the heat p ipe  an? de f i ne  i t  as the c a p i l l a r y  stress.  
-2- 
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(4 
CIRCUMFERENTIAL GROOVES 
FILLETS (TYP) 
Figure 1-1. The three geometries considered for the excess - 
liquid model - (a) circular vapor space, (b) 
horizontal slab wick, (c) vertical slab wick. 
-3- 
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As the s t ress  decreases, the s i ze  o f  the  f i l l e t s  and puddles increases. If 
the  st ress i s  s u f f i c i e n t  y low, the  vapor space w i l l  b r idge and a l i q u i d  
s lug  w i l l  form, which i s  the  subject  o f  the next sect ion.  
methods f o r  the c a l c u l a t  on o f  the f ree-sur face shape o f  a f i l l e t  o r  puddle, 
i t s  cross-sect ional  area, and i t s  f r e e  and wette.' perimeter. 
We now present 
The equation governing the  f r e e  surface o f  a l i q u i d  under the a c t i o n  
of surface tens ion i s  
where AP i s  the  l o c a l  pressure d i f f e rence  between the gas and l i q u i d ,  a i s  
the  surface tension, and R1 and R2 a re  the  l o c a l  r a d i i  o f  curvature i n  any 
two orthogonal planes t h a t  conta in  the normal t o  the surface, As the  f i r s t  
of these, we take the x-y plane o f  the  heat-pipe cross sect ion.  By assuming 
t h a t  the cross-sect ional  shape o f  the  f i l l e t  o r  puddle changes gradua l ly  
w i t h  d is tance along the  heat pipe, we can neglect  the rec ip roca l  o f  the  
second rad ius o f  curvature compared t o  t h a t  o f  the  f i r s t ,  and Eq. (1.1) 
reduces t o  
A d i f f e r e n t i a l  equat ion i s  obtained f o r  the  f ree-surface shape by 
s u b s t i t u t i n g  f o r  AP the hyd ros ta t i c  pressure v a r i a t i o n  w i t h  y and by sub- 
s t i t u t i n g  f o r  R the Cartesian formula f o r  t he  rad ius o f  curvature,  which 
r e s u l t s  i n  
Here P i s  t he  d i f f e rence  i n  the l i q u i d  and vapor dens i t ies ,  and g i s  the 
g r a v i t a t i o n a l  accelerat ion.  Also, the l o c a t i o n  o f  the coordinates i s  
chosen such t h a t  the gas- l iqu id  pressure d i f f e r e x e  i s  zero when y = 0. 
Equation (1.3), however, presents d i f f i c u l t i e s  because one cannot i n t e g r a t e  
r e a d i l y  thrcugh regions where dy/dx i s  i n f i n i t e .  To remedy t h i s ,  we use 
the t ransformat ion 
dy/dx = tan 3 (1 94) 
t o  t ransform Eq. (1.3) i n t o  two d i f f e r e n t i a l  equations where the dependent 
var iab les  a re  x and y and the independent va r iab le  i s  the i n c l i n a t i o n  a of 
-4- 
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the  free-surface curve. The r e s u l t i n g  equations are  
2 
2 
2y dx lda  = a cos a, 
2y dy/da = a s i n  a, 
where a = szti7;; 
i s  the  c a p i l l a r y  constant. Equation (1.6) i s  r e a d i l y  in tegra ted ,  which 
r e s u l t s  i n  
y = Jyo' - a' (cos a - cos ao)  
where the curve has an i n c l i n a t i o n  tio a t  a p o i n t  (xo, yo).  
s o l u t i o n  (1.8), we can e l im ina te  y from Eq. (1.5), which gives 
dx/da = a COS a 
Witn the  
2 
2 m a -  cos ao)  
- (1.9) 
This equation can be in tegra ted  i n  terms o f  e l l i p t i c  i n t e g r a l s  by f i r s t  
using the transfor.mation = 2$-a, which al lows us t o  r e w r i t e  Eq. (1.9) as 
2 
dx = $ a  k [ - = ]  d 9, 
- k s i n  + L 
where r )  
2aL 
2 k =  a (1 + cos ao)  + yo 
( 1  . l o )  
(1.11) 
One can e a s i l y  v e r i f y  t h a t  the  s o l u t i o n  t o  Eq. ( 1 . l O ) i n  terms o f  e l l i p t i c  
i n t e g r a l s  of the f i r s t  k ind  F(k ,$ )  and o f  t he  second k i n d  E(k ,+ )  i s  
(1.12) 
0' 
where $o i s  the  value o f  9 when a = a 
Equations (1.8) and (1.12) define a s ing le  free-surface curve t h a t  
passes through the  p o i n t  (xo, yo) a t  an i n c l i n a t i o n  ao. The task now i s  t o  
f i t  a segment o f  t h a t  curve i n s i d e  the  cross-sectional geometry o f  the heat 
p ipe  such t h a t  i t  represents a f i l l e t  o r  puddle. As seen i n  Figure 1-1, i n  
the  case of a f i l l e t  the  boundary cond i t ions  requ i re  tha t ,  f o r  a zero wet t ing  
angle, one end of the  segment i s  tangent t o  the s lab  wick and the  o ther  i s  
- 5- 
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tangent t o  the tube wall. We will describe how the solution i s  found for 
the  puddle and for one particular f i l l e t .  The method f o r  the other f i l l e t s  
i s  the same except for the de ta i l s .  
Consider f i r s t ,  as shown in Figure 1-2,  the solution for the puddle. 
The  point a t  the bottom of the puddle i s  taken as the point (xo ,  yo), where 
x0 = 0 ,  a. = 0, and yo, which sets the gas-liquid pressure difference a t  
the surface of the puddle, i s  a selected positive value. 
along the free-surface curve which are calculated from Eqs. (1.8) and ( 7 . 1 2 )  
for increasing values of a, are checked t o  see i f  the condition of tangency 
w i t h  the tabe wall is  met, which is  
Points (x,y) 
x - RT sin a = 0 (1.13) 
Figure 1-2(b)  shows t h a t  there i s  a second tangency condition for which 
Eq. (1.13) i s  satisfied.  T h u s  the same free-surface curve can represent 
two puddles. 
Y Y 
Figure 1-2. Tangency Condition: x = RT sin a 
(a)  a c ( b )  a > ~ / 2  
-6- 
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The c a p i l l a r y  stress (gas- l iqu id  pressure d i f f e rence  a t  the  center o f  
t he  tube) i s  given by 
Pgyc = pg(y + RT cosa) (1.14) 
where y and cx are  the values a t  t he  p o i n t  of tangency. A ser ies  of puddles 
a re  ca lcu la ted  f o r  d i f f e r e n t  values o f  c a p i l l a r y  s t ress  by s t a r t i n g  w i t h  
d i f f e r e n t  values f o r  yo. 
The bottom f i l l e t  t h a t  forms i n  a heat p ipe  w i t h  a v e r t i c a l  s lab  wick 
[Figure 1-1 ( c ) ]  i s  ca lcu la ted  exac t l y  the  same as a puddle w i t h  Eqs. (1.13) 
and (1.14) apply ing except t h a t  the i n i t i a l  cond i t ion  i s  xu = T/2 and 
a = - a/2. Again two f i l l e t s  a re  poss ib le  from a given free-surface curve, 
The other types o f  f i l l e t s  depicted i n  Figure 1-1 a re  ca lcu la ted  by a s imi -  
l a r  method except fo r  these only a s i n g l e  f i l l e t  i s  poss ib le  f o r  a given 
f ree-sur f  ace curve. 
0 
We now t u r n  t o  the c a l c u l a t i o n  o f  areas, wetted perimeter and free 
perimeter. Although the f r e e  perimeter i s  no t  used i n  the c a l c u l a t i o n  o f  
t he  e f f e c t i v e  permeab i l i t y  o f  the  excess l i q u i d ,  i t  i s  an important para- 
meter f o r  fu tu re  work on vapor - l i qu id  i n te rac t i on .  An elemental l eng th  
dSf of the  f ree  perimeter Sf i s  g iven by 
dSf = 7dx + dy ( ?  .15) 
With the  use o f  Eqs. (1.5), (1.6) and (1.8), we r e w r i t e  Eq. (1.15) as 
2 a da - 
(1.16) dSf - 
As i n  the  s o l u t i o n  o f  Eq. (1.9), we use the  transformation a = 2+-n t o  
w r i t e  dSf as 
= aka+-, 
k s i n  + dSf 
(1.17) 
where k i s  g iven by Eq. (1  . l o ) .  Equation (1.16) in tegra tes  t c !  
Sf = ka [F(@,k) - F($o,k)] (1.18) 
-7- 
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For the  c a l c u l a t i o n  o f  the  area, r e f e r  t o  Figure 1-3 (a). Although a 
p a r t i c u l a r  f i l l e t  i s  shwn, the expressions der ived below apply d i r e c t l y  
t o  the puddle and o ther  f i l l e t s  as we l l .  The area desired i s  Af = %a2b3s 
where the  subscr ipts denote po in ts  and l i n e s  bounding the area. 
more convenient, however, t o  ca l cu la te  AOap. Then, the  des i red  area i s  
I t i s  
Af = *023 ' (A12b3 - A123) - Aoa2 (1 .19)  
Figure 1-3. Ca lcu la t ion  o f  t he  f i l l e t  area A f ,  
(a) Diagram d e f i n i n g  po in ts ,  l i n e s  and vectors. 
(b) A b low-jp o f  Figure 1-3 (a)  showing the 
vector q t h a t  connects (x  , y ) t o  a p o i n t  
(x,y) on the  free-surface h r v e .  
The area o f  t r i a n g l e s  A023 and A123 are ca lcu la ted  i n  terms o f  the  
coordinates f o r  t h e i r  ve r t i ces  : 
(1  20) 
(1.21) 
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The area of  the sector  AlZb3 i s  1/2 e RT2, where o i s  the angle bztween 
vectors gZl and P31: -F 
I t  remains t o  ca!culate AOa2. ,, Cot1,ider Figure 1-3 ( t)  where the vector 6 
connects the p o i n t  (xo,yo) t o  a general p o i n t  along the  free-surface curve. 
The area between 4 and the clrrve i s  A.  We now c a l c u l a t e  the increase i n  
area dA when q i s  incremented an amount corresponding t o  the increment du. 
The incremental area dA i s  the area o f  the t r i a n g l t  bounded by 4 and dq, 
thus 
.i .. 
-+ 
(1.23) 1 dA = 71 ';i x d; I 
With 4 = (x-xo) 7 + (y-yo) and d$ = dx 7 + dy 1, we f i n d  
(1  .24)  1 dA = Z l d Y b  - xo) - dX(Y - Yo) \  
Equations (1.5) and (1.6) are used t o  obt.ain 
3 dA - a - -  
da I ( x  - xo) s i n  SL - (y - yo)  cos (1.25) 
Since x i s  g iven i n  terms o f  e l l i p t i c  i n t e g r a l s ,  there i s  no hope of 
ob ta in ing  an a n a l y t i c  i n t e g r a l  f o r  A .  Therefore, the i n t e g r a t i o n  i s  
c a r r i e d  out numerical ly f rqm a0 t o  the p o i n t  where the  boundary cond i t ion  
on the tube wa l l  i s  met. 
Referr ing t o  Figure 1-3 (a ) ,  we see t h a t  the wetted perimeter i s  g iven 
(1.26) simply by Sw = yo - y3 t RT e .  
The computer FILLET(') was w r i t t e n  t o  c a r r y  ou t  the ca lcu la t ions  
o u t l i n e d  i n  t h i s  sect ion.  
r o u t i n e  f o r  e l l i p t i c  i n t e g r a l s ,  Eqs. (1.9) f o r  x and (1.17) f o r  Sf are 
Since we could n o t  f i n d  a general-purpose sub- 
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integrdLed numerical ly along w i t h  Eq. (1.24) f o r  A. The output  from 
FILLET i s  a t a b l e  o f  e f f e c t i v e  hydrau l i c  diameter and the t o t a l  area 
of f i l l e t s  and a puddle f o r  the range o f  c a p i l l a r y  s t ress  t h a t  can e x i s t  
i n  a heat pipe. 
To i l l u s t r a t e  the ca lcu la t ions ,  we focus a t t e n t i o n  on the puddle i n  
a c i r c u l a r  vapor space. Two parameters are requi red t o  f i x  the puddle 
conf igurat ion.  The f i r s t  i s  the  Bond number 
(1.27) 
which i s  the r a t i o  o f  hydros ta t i c  forces t o  surface tension. The second 
parameter i s  the dimensionless c a p i l l a r y  s t ress 
(1.28) 
where Po i s  the gas- l iqu id  pressure d i f f e rence  a t  the center o f  the tube. 
For a geometrical i n t e r p r e t a t i o n  o f  the dimensionless s t ress,  imagine t h a t  
i t  i s  due so le l y  t o  hydros ta t i c  pressure Po = Pgh. Thus, the s t ress i s  
simply the r a t i o  o f  the height  h o f  the tube center above the f l a t  surface 
o f  a l i q u i d  rese rvo i r  t a  the tube rad ius RT. When the s t ress  i s  negative, 
the tube center l i e s  below the rese rvo i r  surface. For the case o f  f i l l e t s  
i n  a heat p ipe w i t h  a s lab wick, a t h i r d  parameter, the r a t i o  o f  the wick 
thickness T t o  the tube rad ius RT, i s  required. 
The r e s u l t s  f o r  a puddle are displayed i n  Figure 1.4 (a )  - (d)  fo r  
values o f  the 6ond number o f  0.1 , 1 ., ?O., and 100. 
the puddle conf igurat ion,  i t s  area, f r e e  perimeter and wetted perimeter 
are shown f o r  a range o f  stress.  The puddle area i s  made dimensionless 
by d i v i d i n g  by the cross-sect ional  area o f  the tube, and the f ree and 
wetted perimeter are made dimensionless by d i v i d i n g  by the  circumference. 
Thus we see t h a t  the dimensionless area and wetted perimeter approaches 
u n i t y  as the puddle near ly  f i l l s  the tube. 
the puddlr  i s  shallow, the f r e e  perimeter and wetted perimeter a re  near ly  
equal. 
For each Bond number, 
For h igh values o f  s t ress when 
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Figure 1-4. Fillet configurations in horizontal circular c 1 fnders. 
Dimensionless fillet area T, wetted perimeter%" and free 
perimeter Tf are plotted as a function o f  dimensionless 
stress V,/R. An asterisk denotes the neutrally stable 
meniscus . 
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As will be discussed i n  the next section, those l i q u i d  configurations 
for which the f i l l e t  area increases w i t h  increasing stress are unstable 
and cannot exist .  Note t h a t  this is  the case for  a l l  puddle configurations 
when 8 = 0.1, The cr i t ical-free  surfaces, which are neutrally stable are 
denoted i n  the figure. For stresses below the cr i t ical  s t ress ,  a l i q u i d  
slug forms. 
1 . 2  EXCESS LIQUIC SLUGGING OF VAPOR SPACES AND THE PRIMING OF ARTERIES 
In this section we focus on the conditions under which a l i q u i d  s lug 
forms i n  a vapor space, which, a s  mentioned previously, also applies to 
the priming of arteries.  
vapor spaces w i t h  and w i t h o u t  solid end boundaries. 
most simple heat pipes, such as an axially grooved or a slab-wick heat 
pipe that have end caps. 
pipes where the condenser end protrudes into a gas reservoir and i s  other- 
wise uncapped. We consider this situation f i r s t .  
There are two distinct situations to  consider; 
The former occurs i n  
The l a t t e r  occurs primarily i n  gas-loaded heat 
1.2.1 S lugq ing  of Open Vapor Spaces 
Consider an experiment, as shown i n  Figure 1.5, where a horizontal 
open-ended porous tube is lowered i n t o  a l i q u i d  pool.  The capillary stress 
i s  measured by the elevation h of the tube center above the pool. If the 
Bond Number is sufficiently large, a puddle of cross-sectional area A will 
form before the tube slugs with l i q u i d .  
The t u b s  will abrupt ly  slug w i t h  l i q u i d  when dA/dh = m. T h i s  slugging 
criterion, shown i n  Figure 1-6 by the dashed l ine,  i s  found from the cal- 
culations of the program FILLET such as  those displayed i n  Figure 1-4. 
In Figure 1-6, instead of p l o t t i n g  the cr i t ical  height t o  the center of 
the tube, we plotted the cr i t ical  height t o  the top ,  w h i c h  eliminates 
negative values and allows the use of logarithmic graph paper. 
As h is decreased A increases. 
If  the Bond number i s  sufficiently small, then dA/dh i s  positive for 
a l l  puddles, and hence none are stable. Therefore, slugging abrupt ly  occurs 
as soon as a puddle begins t c  form on the bottom of the tube. Such a puddle 
has a radius of curvature nearly equal to the tube radius and thus, by 
Eq.  (1.1) the gas-liquid pressure difference a t  the tube bottom i s  u/RT: 
-1 2- 
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o r  i n  dimensionless form 
h/RT - 1 = 1/B. (1 .29)  
Figure 1-5.  When the c y l i n d r i c a l  tube i s  lowered s u f f i c i e n t l y ,  a l i q u i d  
slug w i l l  abrupt ly  form. 
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T h i s  criterion for s lugging is displayed i n  Figure 1-6 by the solid line. 
The intersection of the dashed and solid l ines a t  a Bond number of .33 
represents the point a t  which a stable puddle is just possible. The ana-  
lytical calculation of tnis  cr i t ical  Bond number poses an i n t r i g u i n g  
academic challenge. Also displayed i n  Figure 1-6 is data taken by Johnson 
and Saaski(3) on the priming of open-ended glass and screen walled tubes 
rang ing  from 0.51 mn to  3.2 n w i t h  2-propanol and Freon 113 as the l i q u i d .  
The condition for open-ended sl ugging of "Dee-shaped" vapor spaces 
can also be found by the program FILLET, which calculates the f i l l e t  areas 
Af as a function of stress S .  Slugging occurs when one of the two f i l l e t s ,  
or the puddle if  one i s  possible, becomes unstable, that i s  dAf/dS = m .  
1.2.2 S lugg ing  i n  a Closed Vapor Space 
In a vapor space w i t h  a closed end, a s lug  f i rs t  begins t o  form a t  
the end, and then grows progressively longer. 
fn Figure 1-7. The closed-vapor-space slugging criterion is more import- 
a n t  than the open criterion, therefore, i n  this section we present detailed 
results for the "Dee" shape as well as the circular vapor space. 
Such a slug is depicted 
The cr i t ical  capillary stress for the formation of a slug is higher for 
the closed vapor space owing to  the fact  that  the free surface develops 
curvature i n  two orthogonal planes rather t h a n  jus t  one. 
stress i s  sufficiently low for a liquid slug t o  form in an open vapor space, 
then t o  clear the slug the s t ress  must be increased t o  the cr i t ical  stress 
for s lugg ing  of the closed vapor space. 
graded-porosity wick, even i f  the condenser end opens i n t o  a gas  reservoir, 
the slugging criterion for a closed vapor space should be used, because the 
condenser-end porosity must be low enough t o  generate a sufficient capillary 
pressure t o  clear an existing s l u g .  Similarly,'while the maximum stress t o  
in i t ia te  pr iming  of an open artery i s  set  by the slugging criterion for open 
vapor spaces, the capillary pumping, t h a t  i s ,  the stress necessary t o  in i t ia te  
emptying, i s  set  by the slugging criterion for closed vapor spaces. 
In fac t ,  i f  the 
For example, i n  the design of a 
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The mathematical modeling o f  the s lug  t h a t  forms i n  the closed vapor 
space i s  d i f f i c u l t  because the f ree  surface var ies i n  th ree  dimensions. 
We consider f i r s t  the c i r c u l a r  va o r  space and employ an approximation 
suggested by Johnson and S a a ~ k i ( ~ ’  t o  reduce the  problem t o  a two- 
dimensional one. Applying Eq. (1.1) t o  the f r e e  surface shown i n  Figure 
1.7, we take R1 as the  l o c a l  rad ius  o f  curvature i n  the y-z plane which 
b i sec ts  the tube v e r t i c a l l v  and RE as the  l o c a l  radius o f  curvature i n  
plane orthogonal t o  the  y -z  plane t h a t  contains the l o c a l  normal t o  the  
surface. The approximation i s  t o  use a constant c h a r a c t e r i s t i c  value fo r  
R2, a1,d f o r  lack  o f  a b e t t e r  candidate t h i s  constant value i s  taken as 
the tube radius RT. The equation governing the meniscus shape i n  the z-y 
plane i s  developed exac t l y  the same as Eqs. (1.5) and (1.6), except the 
constant term ~ / R T  i s  c a r r i e d  along. Thus, ins tead o f  Lq. (1.6), we o b t a i n  
(1.30) 
Refer r ing  t o  Figure 1.7, we see t h a t  the  boundary condi t ions f o r  the f r e e  
surface curve i s  
a = o a t  y = h - RT t d 
and 
= - ~i a t  y = h t RT 
(1.31) 
I n  case slugging occurs w i thout  a puddle forming f i r s t ,  we take d = 0. 
I n t e g r a t i o n  o f  Eq. (1.30) between the above boundary i ond i t i ons  r e s u l t s  i n  
The no-puddle s lugging cond i t ion  i s  ( d  = 0) 
h/RT = 2/B 
(1.32) 
(1.33) 
Equation (1.29) gives the cond i t i on  f o r  a puddle j u s t  about t o  form. The 
two curves given by Eqs. (1.29) and (1.33) i n t e r s e c t  a t  B = 1. Thus, f o r  
B < 1 , the s lug  forms w i thou t  a puddle and Eq. (1.33) i s  the appropr iate 
c r i  t e r i on .  
ca l cu la te  the puddle depth as a f u n c t i o n  o f  h/RT and B: 
For B > 1, we use a mod i f i ca t i on  o f  the program FILLET t o  
-1 6- 
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d/RT = f(h/F+, B) (1.34) 
This r e l a t i o n  i s  used t o  e l im ina te  d f r n m  Eq. (1.32). The r e s u l t i n g  s lug- 
g ing  c r i t e r i o n  f o r  B > 1 a l w  w i t h  the c r i t e r i o n  f o r  B < 1 qiven by Eq. 
(1.33) are displayed i n  Figure 1.8. 
Y 
I - 1 
d 
LIQUID 
Figure 1.7. L i q u i d  Slug w i t h  a Puddle o f  Depth d on 
the Bottom o f  the Tube 
The v a l i d i t y  o f  the  approximation o f  Johnson and Saaski can o n l y  be 
assessed by comparing the r e s u l t i n g  s lugging c r i t e r i o n  t o  experimental 
r e s u l t s  o r  t o  an exact numerical so lu t i on .  Ne c a r r i e d  o u t  an experiment 
w i t h  a ser ies  o f  glass tubes t h a t  var ied  i n  diameter from 2 t o  30 nun. 
shown i n  the Figure 1.9, one end o f  each tube was drawn down t o  h a l f  t he  
o r i g i n a l  diameter and the tapered sec t i on  was bent 90". The s e t  o f  tubes 
were placed on a l eve l  p la t fo rm ins ide  a l a r g e  glass j a r  w i t h  the tapered 
sect ions down. The j a r  was s lowly  f i l l e d  w i t h  acetone. A t  a c r i t i c a l  
l e v e l ,  a l i q u i d  slug, which i n i t i a t e d  i n  the tapered sect ion,  moves ra -  
p i d l y  through the smal lest  tube. The he igh t  o f  the c r i t i c a l  l e v e l  i s  
measured w i t h  a cathetometer. The j a r  i s  s lowly f i l l e d  again u n t i l  the 
s lug  moves through the second tube, and the  he igh t  i s  measured again, and 
so fo r th .  From these data, the c r i t i c a l  values f o r  h can be ca lcu la ted  
f o r  each tube. 
As 
The experimental r e s u l t s  are displayed i n  Figure 1.8. There i s  
exce l l en t  agreement except a t  l a rge  values o f  B, where the theory under 
-1 7- 
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under-predicts the c r  t i c a l  s t ress.  One expects t h i s ,  because a t  these 
la rge  values o f  B the puddle i t s e l f  near ly  f i l l s  the tube before s lugging 
occurs. As seen i n  F gure 1.4(d),  when the puddle l e v e l  i s  near the  top, 
the transverse radius o f  curvature R2 i s  on the average much smal ler  than 
the tube radius Rr t h a t  i s  used t o  approximate i t  i n  the theory. 
The slugging c r i t e r i o n  f o r  "Dee-shaped" vaper spaces was measured 
exper imental ly f o r  shapes corresponding t o  a t y p i c a l  r a t i o  o f  the wick 
thickness t o  tube diameter o f  0.465. 
appropr iate w id th  were inser ted  i n t o  each glass tube and he ld  i n  place 
w i t h  a spr ing.  S ugging o f  the r e s u l t i n g  "Dee-shaped" vapor space was 
measured w i t h  the "Dee" on the top and the bottom, which corresponds t o  
a hor izonta l  wick and on the side, which corresponds t o  a v e r t i c a l  wick. 
The r e s u l t s  are displayed i n  Figure 1 . l o .  I n  the case o f  the "Dee," the  
Bond number i s  based on one-half o f  the hydrau l i c  diameter Dh instead o f  
the tube radius.  The f a i r e d  l i n e s  through the data o f  Figure 1.9 arc! 
given by an empir ica l  data f i t 
Long s ta in less-s tee l  s t r i p s  o f  the  
where the empir ica l  constants are given i n  Table 1.1. These empir ica l  
r e s u l t s  are incorpor t ted  i n  the computer program GRADE(4) so  t h a t  optimum 
graded-porosi t y  wicks can be designed t h a t  j u s t  prevent the occurrence o f  
a l i q u i d  s lug.  
Table 1 .l. Constants f o r  the Empir ical  Curve F i t  f o r  
the Slugging Condit ion f o r  "Dee-Shaped" 
Vapor Spaces 
rl - B y. - 
Dee on top .820 .40 1.5 2.9 
Dee on bottom .68 .40 1.5 1.9 
Dee on s ide  1.5 .5  1 .o 1.2 
ci - 
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Figure 1.9. Schematic Diagram o f  Apparatus t o  Measure 
the Slugging Criterion for Closed-Ended 
Cylinders. Slug i s  shown formed in the 
small es t  tube. 
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2.0 THE CAPACITY OF CIRCUMFERENTIAL GROOVES 
Many heat pipes use a wick s t r u c t u r e  f o r  the  a x i a l  t ranspor t  of 
1 iqu id,  and c i rcumferent ia l  grooves f o r  the  t ranspor t  across the  inner  
tube w a l l  i n  the  evaporator and condenser regions. This combination 
provides both h igh  a x i a l  t ranspor t  and heat- t ransfer  c o e f f i c i e n t s .  
Our p a r t i c u l a r  i n t e r e s t  i s  the use o f  c i rcumferent ia l  grooves w i t h  the 
graded-porosity s lab wick; however, the  r e s u l t s  of t h i s  sect ion apply 
t o  any heat p ipe  t h a t  uses c i rcumferent ia l  grooves. 
A sound mathematical model o f  c i rcumferent ia l  grooves i s  requi red 
f o r  the program which designs graded-porosi t y  wicks, because 
the  evaporator grooves are :he 1 i m i  t i n g  f a c t o r  f o r  the t ranspor t  capaci t.y. 
GRADE repeatedly in tegra tes  the governing d i f f e r e n t i a l  equations. Each 
i n t e g r a t i o n  uses an assumed value f o r  the a x i a l  heat- t ranspor t  ra te ,  and 
a subrout ine DRY repor ts  whether the  c i rcumferent ia l  groovts f a i l .  I f  
they do, t h e  assumed heat- t ranspor t  r a t e  i s  reduced, and i f  they d o n ' t  
the r a t e  i s  increased. Then the  i n t e g r a t i o n  i s  repeated. A b inary 
search on the  r a t e  fs used t o  design a graded-porosity wick w i t h  the  
highest a x i a l  heat- t ranspor t  capaci ty t h a t  w i l l  no t  f a i l  the circum- 
f e r e n t i a l  grooves. 
I n  t h i s  section, we present the  mathematical model for the sub- 
r o u t i n e  DRY. The method used i s  s i m i l a r  t o  t h a t  used by Gier  and 
Edwards(5), except t h a t  here the  more general t rapezoidal  groove r a t h e r  
than the  t r i a n g u l a r  groove i s  considered, and a general wick s t r u c t u r e  
i s  considered ra ther  than one t h a t  feeds the  grooves on ly  a t  the  bottom. 
F igure 2.1 depic ts  the geometry under considerat ion.  To be 
spec i f i c ,  a v e r t i c a l  s lab wick i s  shown. However, the  method appl ies 
t o  any wick conf igurat ion.  We focus a t t e n t i o n  on a s i n g l e  reg ion o f  
grooves t h a t  i s  fed l i q u f d  from the wick a t  angular loca t ions  e l  and 
e 2  t h a t  are measured from the top ( p o s i t i v e  i n  the counterclockwise 
d i r e c t i o n ) .  The t o t a l  heat i n p u t  per u n i t  leng th  along the  heat p ipe  
i s  Q, and a f r a c t i o n  F i s  assumed t o  en ter  between o l  and e 2 .  9 
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Figure 2.1. Liqu id  Enters a Groove B . the Rate M1 
a t  Location e l  ar ' :.t tf Rate M2 a t  
Location 02. I t  I S  unl formly evaporated 
between e l  and c2. 
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We assume t h a t  the  heat i s  evaporated uni formly along the  groove, 
thus the  amount of l i q u i d  evaporated between l o c a t i o n  e and e+de i s  
where m(8) i s  the l o c a l  mass f l ow  through the groove assumed p o s i t i v e  
i n  the counterclockwise d i rec t i on ,  N i s  the number o f  grooves per u n i t  
leng th  and x i s  the l a t e n t  heat. 
i n t e r v a l  (el , e2) y i e l d s  
In teg ra t i on  o f  Eq. (2.1) over the 
where ml and m2 are the  absolute values of the flow ra tes  i n t o  the 
groove a t  el and e2. One l o c a t i o n  a, between e l  and 62 i s  a stagnat ion 
p o i n t  where the f l ow  r a t e  i s  zero. 
then e2 t o  es, we obta in  the r e s u l t  
By in teg ra t i ng  EQ. (2.1) from e l  and 
Unless the  reg ion o f  grooves u n k  considerat ion i s  s i t ua ted  s p e t r i c a l l y  
i n  a g r a v i t a t i o n a l  f i e l d  o r  they are operat ing i n  zero g rav i t y ,  i n  which 
case m l  equals m2,  then one does no t  know a priori the values o f  m l  and 
m2. The i r  sum i s  given by Eq. (2.2) and the unknown l o c a t i o n  o f  the  
stagnat ion p o i n t  f i xes  t h e i r  r a t i o  by Eq. Q.3). Combining these equations 
we ob ta in  expressions f o r  m l  and m2 i n  terms o f  es: 
m i  (FQ Q / ~ N )  (es-e1)/(e2-e1), (2.4) 
Thus our lack  o f  knowledge o f  the values of m l  and m2 i s  s h i f t e d  t o  the 
unknown loca t i on  es o f  the stagnat ion po in t .  
e, w i t h  the use o f  Eq. (2.4) we ob ta ln  f o r  the mass f l ow  r a t e  
I n t e g r a t i n g  Eq. (2.1) from 
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As l i q u i d  f lows through the  groove, i t s  pressure drops r e l a t i v e  t o  
t h a t  of the vapor. The pressure d i f f e rence  i s  sustained by the  curvature 
of the  free-surface meniscus. The r a t e  of increase o f  the  l iqu id-vapor  
pressure d i f f e rence  P i s  governed by the  expression 
where RT i s  the  i n s i d e  rad ius o f  the tube 
K i s  the  f r i c t i o n - f a c t o r  c o e f f i c i e n t  
Re 
p i s  the  l i q u i d  densi ty  
i s  the Reynolds number based an the  hyd rau l i c  diameter D, 
U i s  the  average l i q u i d  ve loc i ty .  
I n  terms o f  the mass f l ow  r a t e  given by (2.6), we w r i t e  
This equation must be i n teg ra ted  numerical ly because K, oh, and A vary 
depending on the shape o f  the meniscus, which i n  t u r n  depends on P. 
Since t y p i c a l l y  the Bond number i s  very small, we assume t h a t  the  meniscus 
i s  c i r c u l a r ,  and thus the l i q u i d  i n  the  grooves i s  as shown i n  Fig.  2.2. 
The radius i s  given i n  terms o f  the l o c a l  ?:quid-vapor pressure d i f f e r -  
ence P and surface tension u by: 
When the vapor - l i qu id  pressure d i f f e rence  i s  low, the  meniscus i s  attached 
t o  the top o f  the groove. As the pressure dif ference increases, the  rad ius  
o f  curvature o f  the  meniscus decreases. When the contact  angle x reaches 
the  wet t ing angle a, a f u r t h e r  increase i n  the pressure d i f ference r e s u l t s  
i n  the meniscus receding i n t o  the  groove as shown i n  Fig. 2.2(b). Groove 
f a i l u r e  i s  taken t o  occur when the meniscus reaches the groove bottom. 
-25- 
Figure 2 . 2 .  Cross Section o f  a Groove 
( a )  Meniscus o f  liquid attached to top 
o f  groove with contact angle A .  
(b)  Meniscus receded into groove (contact 
x equals wetting angle a ) .  
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The area A and hydrau l i c  diameter Dh a re  e a s i l y  ca lcu la ted  f o r  
a given value o f  P once R i s  ca lcu la ted  from Eq. (2.9). For the  
c a l c u l a t i o n  o f  the f r i c t i o n  f a c t o r  c o e f f i c i e n t ,  we r e l y  on the  work by 
H s u ( ~ )  who used numerical techniques t o  ca l cu la te  the  f r i c t i o n  fac to r  
f o r  a c i r c u l a r  meniscus i n  a t rapezoidal  groove. The subrout ine DRY 
contains a subrout ine FACTOR t h a t  i s  devoted t o  producing an empir ica l  
curve fit t o  HSU'S numerical resu l t s .  
The boundary condi t ions f o r  Eq. (2.8) a re  the  values of the vapor- 
l i q u i d  pressure d i f f e rence  a t  the  two feed locat ions,  which are  r e l a t e d  
h y d r o s t a t i c a l l y  t o  the s t ress  S a t  the tube center; 
(2.10) 
Equation (2.8) w i t h  the  boundary condi t ions (2.10) c o n s t i t u t e  a two- 
p o i n t  boundary-value problem where the unknown stagnat ion p o i n t  o s  i s  an 
eigenvalue. 
e l  t o  e2 ,  each t ime ad jus t i ng  the  value of os u n t i l  both boundary condi- 
t i o n s  are met. A so lu t i on  w i l l  be poss ib le  i f  the  heat i n p u t  Q i s  below 
the  c r i t i c a l  value a t  which the groove f a i l s .  Such an i t e r a t i v e  search 
f o r  a so lu t i on  i s  t ime consuming, espec ia l l y  when the  computer subrout ine 
t h a t  would ca r ry  i t  out  i s  i t s e l f  c a l l e d  repeatedly. 
t o  decide whether o r  no t  Q i s  above the c r i t i c a l  value based nn a s i n g l e  
in tegra t ion .  Consider a curve constructed as fo l lows.  We assume a 
value f o r  eS and then in teg ra te  Eq. (2.8) from 8 1  t o  es. I n  Fig.  2.3 we 
p l o t  the vapor - l iqu id  pressure d i f ference Ps a t  the stagnat ion p o i n t  as 
a func t ion  o f  o s .  The curve ends when Ps i s  s u f f i c i e n t l y  h igh t o  f a i l  
the  groove. S im i la r l y ,  we in teg ra te  from e2  t o  es and again p l o t  Ps as 
a func t ion  o f  os.  I f  Q i s  below the c r i t i c a l  value f o r  groove f a i l u r e ,  
the  two curves w i l l  i n t e r s e c t  a t  the actual  s tagnat ion point ,  as shown 
i n  Fig. 2.3(a). If, on the o ther  hand, Q i s  above the  c r i t i c a l  value, 
they w t l l  no t  i n t e r s e c t  as shown i n  Fig.  2.3(b). 
One can attempt a s o l u t i o n  by repeatedly i n t e g r a t i n g  from 
I t  i s  o f t e n  poss ib le  
We now can describe the procedure used t o  assess whether o r  no t  the  
groove has f a i l e d .  A t r i a l  value o f  es  i s  assumed h a l f  way between e l  and 
e 2 ,  and we attempt t o  i n teg ra te  t o  i t  f i r s t  from e l  and then from 82. I f  
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I CRITICAL PRESSURE DIFFEREN.CE FOR GROOVE 
POINT 
01 9 2  
ASSUMED STAGNATION POINT LOCATION e 
5 
I CRITICAL PRESSURE DIFFERENCE FOR GROOVE 
01 e2 
5 
ASSUMED STAGNATION POINT LOCATION e 
Figure 2 .3 .  P lo ts  of the  Vapor-Liquid Pressuro D i f f e r -  
ence a t  an Assumed Stagnation Poir , t  Location 
os by I n t e g r a t i n g  from Both 01 and 02 t o  os. 
( a )  Case where grooves funct ion,  ( t )  Case 
where they dry out .  
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two values o f  Ps are  successf( i1ly ca lcu la ted  w i thout  groovc f a i l u r e ,  theri 
€;'a i f  they are  no t  titc 
are as i n  F ig .  2.3(a) and they must i n te rsec t .  
the  groove has no t  f a i l e d .  
we have demonstrated t h a t  the  two curves are  as i n  Fig. 2.3(b) and they 
do n o t  i n te rsec t .  Therefore, we conclude th.sc the groove has fa i l ed .  
Only when i n t e g r a t i o n  t o  the t r i a l  value fo r  es i s  successful from one 
d i r e c t i o n  bu t  no t  from the  other, can we draw no conclusion. When t h i s  
happens, a new t r i a l  value f o r  es i s  selected, and the  procedure i s  repeated 
u n t i l  a c m c l u s i o n  can be drawn. Usual ly on ly  a few t r y s  are needed a t  
most. 
\ne \*:e h a v i  , L ~ o i ~ l l ~ ~ ~ ~ a t ~ d  L I I - :  t the  two cdrves  
Therefore, we conclude t h a t  
I f  both attempts t o  i n teg ra te  1.0 B s  f a i l ,  then 
The procedure j u s t  described i s  incorporated i n  the computer sub- 
r o u t i n e  DRY, which repor ts  whether the  grooves have f a i l e d  f o r  a given 
heat i n p u t  and c a p i l l a r y  s t ress  a t  the  tube center. Sample r e s u l t s  a re  
shown i n  Fig. 2.4. 
i n g  the groove geometry and f l u i d  p roper t ies ,  i s  the  heat i npu t  per u n i t  
l eng th  of heat p ipe  Q, and the cap i l7ary  stress,  which i s  spec i f i ed  by 
the  rad ius  of curvature R o f  the f r e e  surface i n  a groove under the 
c a p i l l a r y  s t ress  S: 
The primary i n p u t  t o  DRY, besides parameters descr ib-  
cap 
S = u/Rcap. 
The reg ion  above the curve in  Fig. 2.4 corresponds t i .  .... lues o f  R and 
Q, where the  grooves are  f a i l e d ,  wh i l e  the  reg ion  bk;dw i t  corresponds t o  
values where the grooves are no t  f a i l e d .  
ca P 
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Figure 2.4. Sample o f  Groove Dryout Calculations 
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3.0 VAPOR FLOW I N  HEAT PIPES 
We consider i n  t h i s  sec t ion  the  e f f e c t  o f  vapor f l o w  on wick- 
l i m i t e d  heat pipes. Vapor f l o w  i s  o f t e n  an important design considera- 
t i o n  s ince the  vapor-1 i q u i d  pressure d i f f e rence  t h a t  must be supported 
by the  c a p i l l a r y  pressure o f  t he  work i s  the  sum o f  the  pressure drop 
i n  the vapor as w e l l  as i n  the  l i q u i d .  I f  a heat p ipe  has a n e g l i g i b l e  
vapor-flow pressure drop a t  i t s  maxSmum heat- t ransport  ra te ,  then i t  i s  
o f t e n  poss ib le  t o  increase i t s  capaci ty by inc reas ing  the  cross-sect ional  
area of the  wick. I n  the  l i m i t  o f  t h i s  process where the  wick completely 
f i l l s  the  heat-pipe cross section, t he  capacity, o f  course, f a l l s  t o  zero. 
Therefore, an optillurn cross-sect ional  area f o r  the  wick e x i s t s  and when 
o ther  factors such as r a d i a l  heat t rans fer  and vapor-space slugging a re  
no t  a consideration, t h i s  optimum occurs when the  vapor-flow and l i q u i d -  
f l o w  pi*essure drops are o f  the same magnitude. An accurate c a l c u l a t i o n  
of the  vapor-pressure p r o f i l e  i s  espec ia l l y  important f o r  a graded- 
po ros i t y  wick because i t  i s  designed t o  j u s t  sus ta in  the vapor - l i qu id  
pressure d i f f e rence  along i t s  l eng th  ra the r  than o n l y  a t  the  evaporator 
end. 
The vapor-f low c a l c u l a t i o n  i s  d i f f i c u l t  because heat pipes o f t e n  
operate i n  a regime where there  i s  an essent ia l  i n t e r a c t i o n  between 
viscous and i n e r t i a l  forces. This has been the  sub jec t  of considerable 
and Tien and Rohani(8), f o r  example, resor ted  t o  a rtumerical s o l u t i o n  
Q u a i l  and Levy (12u13) and Gupta and Levy (14) based t h e i r  ana lys is  on 
the  boundary-layer equations. 
c i r c u l a r ,  p l  ane-para1 1 e l  o r  annular vapor-space cross sections. We a re  
p r i m a r i l y  i n te res ted  i n ,  ra ther ,  the  “Dee-shaped“ vapor space formed by 
a graded-porosity s lab  wick i n  a c i r c u l a r  tube. Also, the mathematical 
complexity o f  the s o l u t i o n  o f  e i t h e r  the  Navier-Stokes o r  the  boundary- 
l a y e r  equations makes such an approach unsui table f o r  r o u t i n e  computer- 
design ca l cu la t i ons .  
mathematical model t h a t  i s  based on the  r e s u l t s  of e a r l i e r  more exact 
theor ies.  
study which has been reported i n  the  l i t e r a t u r e .  Bankston and Smith (7) , 
o f  the  f u l l  Navier-Stokes equations, wh i l e  Busse(’), Galowin e t  a1 (10911) 
The i r  so lu t ions  are  1 im i ted  t o  e i t h e r  
Jn sec t ion  3.1 we present a s i m p l i f i e d  approximate 
I t  has the v i r t u e  o f  p rov id ing  a f a s t  c a l c u l a t i o n  o f  the  
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static-pressure profile of the vapor in a Dee-shaped vapor space while 
retaining the effect of the inertial-viscous interaction. 
3.2, we present the results of an experiment that actually measures the 
pressure profile in the vapor. 
In section 
3.1 THEORETICAL MODEL FOR VAPOR FLOW IN A DEE-SHAPED SPACE 
3.1.1 Flow in the Adiabatic Section 
A rigorous analysis of the actual Dee shape would require at least 
a three-dimensional solution of boundary-layer equations, which is far 
beyond the scope of a design-oriented subroutine. Therefore, as our 
first step we approximate the Dee shape by a two-dimensional configuration 
that consists o f  two flat parallel plates. One is always adiabatic and 
models the surface of the wick. The other, which models the tube wall, 
is either a surface of evaporation, condensation, or it is also adiabatic. 
A question arises as to the plate separation that will best approximate 
a Dee-shape. The criterion that is used requires that the flew in both 
the actual Dee-shaped passage and between the parallel walls have the 
same average velocity and the same pressure gradient dP/dx in adiabatic 
regions of fully developed flow. If we let the subssipt ( )D refer to 
the Dee-shape and ( ) 
for the plate spacing is 
refer to the parallel plates, then the criterion I I  
where fD is the friction factor, Re is tne Reynolds number based on the 
hydraulic diameter D, p is the vapor density and u is the average 
velocity. After we have substituted twice the plate spacing b for the 
hydraulic diameter of parallel plates, equation (3.1) reduces to 
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The friction factor fD depends on the ratio o f  
tube diameter, and in general it must be found from 
sol uti on o f  Poisson I s equation : 
wick thickness 
the numerical 
to 
( 3 . 3 )  
where here the z axis is taken as the flow direction, x and y are trans- 
verse coordinates, u is the flow velocity, p is the pressure and u is 
the viscosity. 
introducing the dimension1 ess variables 
Equation (3.3) is written in dimensionless form by 
X = x/d, (3.5) 
where d is the tube diameter, and we obtain, 
The boundary conditions require U to vanish on the boundary. Once we 
obtain a solution, the friction factor is related to the average 
dimensjonl ess velocity Uave by 
Equation 3.7 is written in a finite-difference form by overlaying the 
flow region on an N x N rectangular grid. By symetry: only half of 
the region must be used. Solution for the velocity I t  at the (i,j) 
node is obtained by Gauss-Seidel iteration of the finite difference 
approximation to Eq. (3.7). The resulting friction-factor is shown 
in Figure 3.1. 
''jj 
Analytical results are possible for w/d = 0 and asymptotically for 
w/d+l. The result of f D k D  = 62.8 for w/d = 0 is a special case of an 
analysis by Sparrow("). An asympt*''c solution is possible in 
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60' 
f D  Re 
40 
20 
0 NUMERICAL RESULTS 
@ EXACT SOLUTION FOR 
ASYhPTOTIC SOLUTION FOR 
w/d = 0 
w/d - 1 
$ 2  .4 .6 .a 
W/D 
Figure 3.1 Friction-Factor For A "Dee-Shaped" Conduit 
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l i m i t  w / d 4  because i n  Eq. (3.7) a2U/aY2 can be neglected. The r e s u l t -  
i n g  f r i c t i o n  f a c t o r  i c  
1 i m i t  fDReD = 590/9 = 62.2 w/ d+o (3.9) 
The numerical s o l u t i o n  i n  Fig.  3.1 does no t  q u i t e  agree w i t h  the a n a l y t i c a l  
r e s u l t s  f o r  w/d = 0 and 1. This i s  a t t r i b u t e d  t o  the  approximation o f  
the  exact i i f f e r e n t j a l  equation by the f i n i t e  d i f f e r e w e  equation. I n  
fact ,  the f r i c t i o n  fac to rs  shown i n  Fig.  3.1, which were ca lcu la ted  fo r  
a 30 x 30 mesh, increased somewhat as a f i n e r  mesh was used. 
We were surpr ised t o  f i n d  t h a t  the f r i c t i o n - f a c t o r  i s  p r a c t i c a l l y  
independent o f  w/d. For p r a c t i c a l  ca lcu lat ions,  the  average of the 
a n a l y t i c a l  r e s u l t s  f o r  w/d = 0 and w/d = 1 i s  recommended. This value i s  
62. 5/ReD. 
3.1.2 F lod  i n  Condensing Sections 
I n  the condensing sect ion the cont inual  loss  of mass f l o w  t o  the  
condenser wa l l  requi res a d e c e l x a t i o n  o f  the main f!ow which i s  brought 
about by a p o s i t i v e  pressure gradient  i n  the d i r e c t i o n  o f  f low. The 
p o s i t i v e  pressure gradient  tends t o  cause a f l ow  reversa l  near the  wa l l ,  
where viscosf& G i n g s  the  tangent ia l  v e l o c i t y  t o  a low value so t h a t  
i n e r t i a  e f f e c t s  a re  overcome by the p o s i t i v e  pressure gradient .  Th is  
behavior i s  p a r t i c u l a r l y  t r u e  near a noncondensing surface, such as t h a t  
o f  the s lab  wick. The tendency toward f low reversa l  lowers o r  indeed 
reverses the viscous shear s t ress  which otherwfse ac ts  against  the  f low.  
Consider an element d t  long o f  a heat p ipe  w i t h  wa l l s  forming a 
cy l i nde r  i n  the general mathematical sense, i . e .  , p a r a l l e l  wa l i  elements 
bu t  no t  necessar i ly  w i t h  a c i r c u l a r  cross-sect ion.  A force-momentum 
balance requi res the fo l low ing :  
(3.10) 
where A i s  cross-sect ional  area, tW i s  wa l l  shear s t ress  and C i s  
perimeter. The area- integrated terms w i l l  be w r i t t e n  as overscored 
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q u a n t i t i e s  as fr,Ilows 
/ P u 2  dA E 2 A 
A 
J p dA f i A  
A 
(3.11) 
(3.12) 
Add i t i ona l l y ,  t. ve loc i  ty-squared shaped f a c t o r  i s  introduced 
Fs E 7/c2 (3.13) 
A c i r c u m f e r e n t i a l l y  averaged f r i c t i o n  f a c t o r  f (no t  t o  be confused w i t h  
f r i c t i o n - f a c t o r  c o e f f i c i e n t  t o  fo l l ow)  i s  defined: 
dC = C p i 2  
Hydraul ic diameter i s  a lso introduced 
0 = 4 A/C 
With these d e f i n i t i o n s  Eq. (3.10) takes the form 
(3.14) 
(3.15) 
(3.16) d’ d f 1  $ =  - (Fs pG2) - 2 p i 2  
Equation (3.16) car, be i n teg ra ted  over an e n t i r e  length o f  a condenser 
w i t h  c losed end a t  x = L t o  y i e l d  
(3.17) 
For a condenser w i t h  a uni form r a t e  o f  condensation 
(3.18) 
- 
i i(2) = uo [l - z/L] 
Hence, Eq. (3.17) becomes 
(3.19) L PL - Po = Fs,o pv2 - 26 p o i  
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where 
5 = x/L. (3.20) 
A pressure-recovery c o e f f i c i e n t  i s  def ined by 
r = (PL-Pov(; PTJ2) (3.21) 
and a f r i c t i o n - f a c t o r  c o e f f i c i e n t  K i s  def ined by 
f = K/Re (3.22) 
where Re i s  Reynolds number 
(3.23) R e = - ; - ,  UD 
at?d v i s  the kinematic v iscos i ty .  Equation (3.19) can thus be w r i t t e n  
(3.24) 
F i n a l l y  a: average value of f r i c t i o n  factor  c o e f f i c i e n t  K can be defined by 
= 2 I’ K [ l - g ]  dg 
0 
Equation (3.24) can then be w r i t t e n  
L K  
= Fs,o - m Re, 
I n l e t  Reynolds number Reo and r a d i a l  Reynolds number 
- 
- “w - -  
‘I 
may be used interchangeably, because 
- To Ac = uw CL = 4 Uw A, L/D 
(3.25) 
(3.26) 
(3.27) 
(3.28) 
(3.23) Reo = 4(L/D) Rer 
-37- 
26263-6025-RU-00 
Hence, Eq. (3.26) can be w r i t t e n  
R 
= Fs,o - Inq 
- o r  
K = 8 Rer [2 Fs,o - r] 
(3.30) 
(3.31) 
It i s  c l e a r  tha t ,  g iven a value o f  pressure recovery c o e f f i c i e n t  
r from the  l i t e r a t u r e ,  as b funct ion o f  Rer o r  Reo alone f o r  a complete 
condenser, and given the i n l e t  v e l o c i t y  d i s t r i b u t i o n  so t h a t  Eq. (3.13) 
can be used t o  f i x  FsI0 Eq. (3.31) can be used t o  f i n d  the  average 
f r i c t i o n  f a c t o r  c o e f f i c i e n t  k . It i s  suggested t h a t  k be used i n  
approximate l o c a l  p ressure-d is t r ibu t ion  ca l cu la t i ons  merely by employing 
it i n  Eq. (3.16) i n  place o f  the t r u e  K, as fo l lows:  
(3.32) 
A constant value of Fs i s  a lso  used fo r  s i m p l i c i t y ,  which i s  taken as 
the  value fo r  f u l l y  developed channel f low. While on ly  an approxi- 
mation, Eq. (3.32) w i l l  i n teg ra te  t o  y i e l d  the  co r rec t  r e s u l t  f o r  pL, 
s ince t h a t  r e s u l t  i s  b u i l t  i n .  It i s  recomnended t h a t  ca lcu la t ions  be 
made w i t h  the approximate Eq. (3.32) and compared t o  more exact numerical 
or experimental resu l t s .  
Gupta and Levy (14) repo r t  experimental r e s u l t s  obtained w i t h  
s i l i c o n e  o i l  f low ing  between a s o l i d  outer cy l i nde r  and a porous inner  
one. Results were obtained f o r  an inner  t o  outer  rad ius r a t i o  o f  0.83. 
Due, presumably, t o  flow separat ion and turbulence, r achieved a value 
o f  on ly  + 0.5 as r a d i a l  Reynolds number Rer becomes large.  The form o f  
Eq. (3.30) and the  behavior displayed n Figures 10 and 11 of Ref. (14), 
suggested f i t t i n g  the r e s u l t s  w i t h  the fo l l ow ing  form o f  equat ion 
exp {-[a Rer Re, r = A -  t b Rer23) (3.33) 
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I n  the l i m i t  o f  l a r g e  Rer t h i s  r e l a t i o n  goes t o  the  constant A (equal 
t o  0.5 from the experimental resu l t s ) .  A t  small values o f  Rer, r goes 
t o  -B/Rer so t h a t  Eq. (3.31) g ives K = 8B; hence B must be the  ord inary  
P o i s e u i l l e  value o f  K d iv ided by 8: B=12 f o r  p a r a l l e l  p la tes  and 8 f o r  
the  c i r c u l a r  tube. The constants a and b govern the r a p i d i t y  w i t h  
which the r e l a t i o n  goes from the  -B/Re, asymptote t o  the constant A 
asymptote. Gupta and Levy (14) a l so  r e p o r t  ca lcu la ted  values f o r  
para1 1 e l  p l  ates. 
Table 3.1 shows t h e i r  i a lues  and the fit according Lo Eq. (3.33). 
The f i t  i s  w i t h i n  the  e r r o r  i n  reading the  curve i n  Ref. (14). Table 3.1 
a lso  shows the values o f  corresponding t o  the  values of r according t o  
Eq. (3.31). The values show tha t ,  due t o  the  f a c t  2F i s  considerably 
s so 
l a rge r  than A, K increases s t rong ly  w i t h  increas ing Re,. 
3.1.3 Flow i n  the  Evaporating Sect ion 
I n  the evaporat ing sect ion o f  a heat p ipe  the  cont inual  a d d i t i o n  o f  
mass f l ow  requi res an acce le ra t ion  o f  the main f l ow  which i s  brought 
about by a negat ive pressure grad ien t  i n  the d i r e c t i o n  of flow. Viscous 
drag by the wa l l  increases the magnitude o f  the pressure gradient.  A t  
very h igh ra tes  o f  evaporation t h i s  f a c t o r  becomes unimportant, as the  
v e l o c i t y  g rad ien t  a t  the wa l l  tends t o  zero. A t  low ra tes  o f  evaporat ion 
the viscous drag governs. 
The analys is  proceeds i n  the same manner as i n  the case o f  condensing 
regions t o  the approximate governing equation 
(3.34) 
Where Fs,L i s  the value o f  Fs a t  the e x i t  o f  the evaporator and k i s  
g i ven by 
1 
K = 2 d  K g d g  (3.35) 
I n  t h i s  case, the  subscr ip t  ( )o r e f e r s  t o  the  c losed end o f  the 
evaporator and ( )L re fers  t o  the  e x i t .  The ove ra l l  pressure drop 
c o e f f i c i e n t  def ined by 
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TABLE 3.1 
Radial 
Reynolds 
Number 
0 
1 
2 
3 
4 
5 
6 
7 
8 
10 
12 
14 
16 
OD 
Pressure Recovery Coeff ic ient  
Versus Radial Reynolds Number 
For F l a t  Plates 
Recovery C o e f f i c i e n t  r 
Gupta & 
Levy [14] 
N.A. 
N.A. 
N.A. 
N.A. 
-0.9 
-0.4 
-0.1 
0.1 
0.3 
0.5 
N.A. 
N.A. 
N.A. 
Eq. (3.33)** 
- 1 2/Rer 
-9.9 
-3.9 
-1 -92 
-0.97 
-0.43 
-0.09 
0.13 
0.28 
0.45 
0.53 
0.57 
G. 59 
0.60 
Average F r i c t i o n  
Factor C o e f f i c i e n t  
K (Eq. 3.21) 
* - 
96 
98 
100 
104 
108 
113 
119 
127 
136 
156 
179 
295 
2 32 
14.4 Re, 
* Fs,o = 6/5 
** A = 0.6, B = 12, a = 0.13, b = 0.008 
-40- 
2626 3-6025- RU-00 
(3.36) 
is related to K and F by s ,L 
K = 8 Rer [r - 2 FSsL] 
- 
(3.37) 
We again fit Gupta and Levy's(14) results this time with the equation 
r = A + -  ' exp {- [a Rer + 6 Re; 31 (3.38) 
As in the case of the condensing region, B is taken as the Pouiseuille 
value of the friction-factor coefficient (96 for flat plates) divided 
by 8 in order to recover Pouiseuille flow in the limit of small Re,. 
Unlike the condensing region, however, in the evaporator at large values 
of Rer the viscous term should vanish, thus we take 
A = 2 Fs,L (3.39) 
Table 3.2 shows values of r from Ref. (14), the fit of Eq. (3.38), and 
K according to Eq. (3.37). 
- 
3.2 EXPERIMENTAL VERIFICATION OF THE VAPOR-FLOW MODEL 
In order to verify the theoretical model of vapor flow that is 
incorporated in GRADE 11, a task was undertaken to experimentally 
measure the vapor pressure profile in a heat pipe that closely resembles 
ones typical af a spacecraft application. Figure 3.2 depicts the cross 
section o f  the experimental heat pipe. 
19 pressure taps spaced 10.16 cm (4 in.) apart starting one inch from 
the evaporator end. 
It i s  188cm (74 in.) long with 
The pressure taps present a unique design challenge. The usual 
practice in measuring the static pressure of a gas stream at a wall is 
to drill a small-diameter hole on the order of 0.025 cm (0.010 in.) in 
the wall, which is connected to a pressure transducer by means of tubing. 
Such a small hole in a heat-pipe wall, however, would f i l l  with liquid 
and the resul ting cap1 1 1 ary pressure would i nf 1 uence the measurement. 
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TABLE 3.2 
~~ ~ ~ 
Radial 
Reynolds 
Number 
0 
2 
3 
4 
5 
6 
7 
8 
10 
12 
14 
16 
Pressure Drop Coeff ic ient  and 
Average F r i c t i o n  Factor Coeff ic ient  
Versus Radial Reynolds Number 
~~ ~~~ ~ ~~ 
Pressure Drop Coefficient 
Gupta & Levy [14] 
8 
6.4 
5.5 
4.9 
4.4 
4.1 
3.9 
3.7 
3.6 
3.5 
3.4 
* A = 3.3, B = 12, a = 0.10, b = 0 
- - ~~ 
Eq. (3.38)* 
1 2/Rer 
8.21 
6.26 
5.31 
4.76 
4.40 
4.15 
3.97 
3.74 
3.50 
3.51 
3.45 
Average 
F r i c t i o n  Factor 
Coefficient** 
96 
78.6 
71.1 
64.4 
58.2 
52.7 
47.7 
43.1 
35.3 
28.9 
23.7 
19.4 
** Based upon F = A/2 = 1.65 s ,L 
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PRESSURE TAP: 
0.125 0. D. S. S. TUBE 0.028 WALL 
CZE WICK 
0.50 0. D. TUBE 
0.035 WALL 
INTERNALLY THREADED 
WITH 100 T. P. I .  
Figure 3.2 Cross Section Through Pressure Tap o f  Experimental Heat 
Pipe for Measuring Vapor-Pressure Profile 
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As shown i n  F ig .  3.2, our s o l u t i o n  t o  the  problem i s  t o  use a large- 
diameter pressure tap whose c a p i l l a r y  pressure i s  i n s u f f i c i e n t  t o  support 
a l i q u i d  slug. The mathematical c r i t e r i o n  i n  terms o f  the surface 
tension u s  l i q u i d  dens i ty  p ,  pressure tap I.D., d, and heat p ipe  I.D., 
D, i s  
4a/d < pgD. 
(We have assumed t h a t  the heat p ipe  s n o t  o v e r f i l l e d ,  t h a t  i s ,  there  
i s  no puddle along the  bottom.) The w a l l  hole i s  covered on the  i n s i d e  
by a patch o f  0.00127 cm (0.0005 in.  
ho le  i n  it. 
which i s  t he  same mechanism on which the  pr iming f o i l  i s  based. 
sample pressure tap was fab r i ca ted  and tested. A l i q u i d  s lug  in ten-  
t i o n a l l y  introduced f n t o  the  tube was observed t o  d r a i n  away and the  
f o i l  hole c leared i t s e l f  by menisci coalescence. 
The pressures a t  each tap were measured r e l a t i v e  t o  the  f i r s t  
pressure tap  a t  the evaporator end w i t h  a Val idyne var iable-reluctance 
d i f f e r e n t i a l  pressure transducer (0.1 p s i d  f u l l  scale). 
t he  transducer was connected t o  the evaporator-end tap, and the other 
s ide  was connected t o  each o f  the  o ther  taps v i a  a valve. 
e n t - a l  pressure measurement i s  made t o  a p a r t i c u l a r  pressure tap  w i t h  
on l y  the Val;.? t o  t h a t  tap  open. 
f o i l  w i t h  an 0.010 inch  diameter 
The ho le  stays c l e a r  o f  l i q u i d  by menisci coalescence, 
A 
One side o f  
A d i f f e r -  
The experimental r e s u l t s  and the corresponding theo re t i ca l  ca l -  
cu la t i ons  by GRADE I 1  are displayed i n  F ig .  3.3. MethanoT i s  used as  
the working f l u i d  since i t s  low vapor dens i ty  a t  room t e ~ r r e r a t u r e  
r e s u l t s  i n  a h igh vapor v e l o c i t y  and hence a r e l a t i v e l y  h igh  pressure 
drop. 
a t  a 20 w a t t  hea t - t rans fer  r a t e  and 10°C vapor temperature. The r a d i a l  
Reynolds number o f  0.256 i n  the condenser sec t ion  and 0.235 i n  the 
evaporator sect ion shows t h a t  the f low i s  dominated by viscous e f fec ts .  
To increase the i n e r t i a l  e f fec t ,  the heat t rans fer  r a t e  was increased 
and the vapor temperature was decreased. The r e s u l t s  f o r  30 watts and 
10°C shown i n  Fig. 3.3 was the highest r a d i a l  Reynolds number t h a t  was 
obtained before the pressure readings i n  the  condenser sec t ion  became 
unstable and la rge  f l u c t u a t i o n s  occurred. 
Figure 3.3 shows good agreement between theory and experiment 
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I n s t a b i l i t y  o f  the f l ow  f i e l d  i n  the condenser reg ion has been 
measured prev ious ly  (13*14), but  a t  h igher r a d i a l  Reynolds numbers. 
We cannot completely account f o r  the  i n s t a b i l i t y  a t  such low Reynolds 
numbers. One f a c t o r  t h a t  couid s t rong ly  contr ibute,  however, i s  the  
f a c t  t h a t  the vapor-space surface i s  very rough, espec ie l l y  the  s lab  
wick surface. Such roughness would be expected t o  induce unsteady 
f l ow  a t  a much lower Reynolds number. 
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